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Conversion Table to ST Units

This publication uses customary English units for the conveunience of engineers
and others who use them hahitually. The table below is for the recader inter-
ested in conversion to SI units. For additional iaformation see:

(1) NBS LC1056, November, 1977, "NBS Guidelines for Use of the Metric
Systen."

(2) NBS SP330, August, 1977, "The International System of Units (SI)."

Quantity To convert from To Multiply by
Length inch m (meter) 2.540 >, 10
foot m 3.048 x 10!
mile m 1.609 x 10°
Area in2 m? 6.452 x 104
ft2 m?2 9.290 x 102
Volume in3 m3 1.639 x 10-3
ft3 m3 2.832 » 10-2
gallon m?3 3.785 x 103"
Temperature > F °C tor = (top—32)/1.8
T. difference Atoy " K ATy = Atoex/1.8
Mass pound kg 4.536 x 10!
ounce kg 2.835 > 10-2
Pressure psi - Pa 6.895 x 10°
in H20 Pa 2.488 x 102
in Hg Pa 3.386 x 108
mmHg Pa 1.333 x 102
Energy Btu J 1.055 x 103
MBtu J 1.055 x 10°
kWh J 3.600 x 10°
ft « Ibf J 1.356 x 10°
) kilocalorie J 4.187 x 10°
Power Btu/h w 2.931 % 10!
hp w 7.457 x 102
Flow gal/min m3/s 6.309 »x 10-°
ft3/min m3/s 4719 x 10~
Density Ib/ft2 kg/m?3 1.602 x 10!
b/ gal kg/m?3 1.198 - 107
Heat Capacity Btu/(lb+ " F) J/(kg + K) 4.187 - 103

Btu/(ft3« ° F)

X1

J/(m3 - K)

6.707 x 10°



EXECUTIVE SUMMARY

This report documents an extensive study designed to investigate and as-
sess typical in-cab diesel locomotive noise environments in terms of crew
noise exposure. In addition, the effects of different locomotive operations
and terrain features on the in-cab noisc environment were determined. A
field test program was conducted to provide the necessary information. Ffigh-
teen test runs (16 locomotives, two of which had two crews) were made. These
16 locomotives covered a range of locomotive models representing over 80 per-
cent of the types found in the current U, S. locomotive fleet population. The
18 test runs covered a wide range of operational conditions (high speed
through-freights, slow speed drag-freights, local transfer movements, etc.),
varied terrains (mountainous, flat, undulating,), and varied trip lengths (%
to 12 hours). The data obtained from the program cousisted of operational
duty cycle information and in-cab sound level data. These were used to evalu-
ate' the crew noise exposure in terms of the 0SHA noise dose (and other
alternative criteria) and to determine which locomotive operations and/or
terrain features significantly affected the noise exposure. To pinpoint cases
where overexposure to noise may occur, a siuplified testing procedure was de-
veloped. This procedure, based on in—-cab sound level measurements with the
locomotive stationary, provides an estimate of the in-service crew noise dose
which can be used to make a pass/fail assessment of whether the noise exposure
might exceed acceptable limits.

The major results of the Investigation and evaluation are:

M The operational duty cycle varies widely from run to run, and even
from day to day over the same route depending upon the type of train,
the train weight, the amount of traffic on the route and whether there
are any cars to be picked up or set off or unscheduled stops bhecause
of mechanical problems.

B While the train is underway, approximately 40 percent of the time is
spent in notch 8, 25 percent at idle/notch 1, and the remaining
35 percent distributed about equally among notches 2 through 7.

B Inclusion of the time that the train is standing and not operating on-
line increases the average time spent at idle/notch 1 to almost
62 percent and reduces the average notch 8 time to 20 percent with the
remaining 18 percent in notches 2 to 7. Thus, during a good portion
of the time the crew 1s in the cab, the locomotive is being operated
such that the engine noise levels are likely to be below 90 dE.

B In general, the sound levels are not a significant function of spatial
location inside the locomotive cab. The sound generated by venting
the brake pipe is the one exception to this. The highest sound levels
for the brake occur at the engineer left-side microphone location
which 1s nearest to the brake pipe vent.

B The three principal sources of in-cab locomotive noise are the diesecl

engine, horn and brake. The radio is also important, but the sound
levels it generates vary as a function of both the in-cab sound levels

xiii



due to the diesel engine and the personal listening preference of each
engineer. Other sources, such as the bell, warning alarms, and dyna-

mic brake, either have little influence on the in-cab sound levels or

occur very Infrequently.

Both the stationary and in-service data show that the in-cab sound
levels increase with notch setting. Based on linear regression
analysis of the mean values for the 16 test locomotives, the sound
level increases approximately 1.5 dB per notch setting for station-
ary conditions (windows open or closed), and 0.6 dB per notch
setting for in-service conditions.

The in-cab sound levels are more greatly influenced by window pos-
ition for sources which are located outside the cab., This is parti-
cularly true for the horn (a range of 0.5 to 13.1 dB reduction with
the windows closed) and to a lesser extent the diesel engine (0.9 to
2.2 dB decrease with the windows closed). Window position and qual-
ity of sealing are especially important for locomotive operations in
tunnels.,

In general, terrain features, such as grades and cuts, do not have
much effect on the in-cab sound levels. Tunnels, on the other hand,
can lead to significant lncreases. For Test Runs 10, 11 and 12,
which had a relatively large number of tunnels, the in-service equi-
valent sound levels for tunnels are approximately 4 to 7 dB higher
than the equivalent sound levels for the overall trip.

Based on the group of locomotives tested, it does not appear that
overexposure to noise is a widespread problem for locomotive crews
under the current OSHA standard. Of the 18 test runs, only the
locomotive on Test Run 2 (which was being used in an atypical
situation) failed the OSHA criteria.

For a criterion value of 90 dB at 8 hours there is only one case of
overexposure (Test Run 2) regardless of the threshold level (90, 87 or
85 dB). 1If the criterion value is reduced to 85 dB at 8 hours, the
locomotives on Test Runs 2 and 7 would exceed the allowable limits for
an 85 dB threshold level. For a threshold level of 80 or 82 dB, the
locomotives on Test Runs 14 and 15 would also exceed the allowable
limits,

The crew noise doses calculated from the lapel microphone recordings
are generally higher than the noise doses for the fixed microphones.
This difference is due primarily to the fact that the lapel micro-
phones are located closer to the crew members' mouths so that the
sound levels due to conversation are higher than at the fixed micro-
phones. This results in the noise dose also being higher.

The two principal locomotive operations contributing to the crew

noise dose are engine notch 8 and horn soundings, with some smaller
contribution from the brake and engine notch 1,
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B Of the various terrain features examined, only tunnels are found to
have a significant affect on the crew noise dose. For features such
as upgrades, downgrades aund cuts, the noilse dose is a function of
duration and not the terrain.

B A simplified testing procedure based on in-cab sound level
measurements of engine notch 8 (no load), horn sounding and brake
application with the locomotive stationary appears to be a reasonable
approach to making a pass/fail assessment of locomotive crew noise
exposure, However, additional data are necessary to improve the
statistical confidence of the stationary screening test prediction.

Based on these results, there does not appear to be a widespread problem
of overexposure to noise for locomotive crews under current FRA regulatiouns.
However, as was seen for the locomotive on Test Run 2, there can be cases
where overexposure to noise can occur when certain locomotives are used on
certain runs. These cases, where overexposure to noise might occur, can be
pinpointed using a stationary screening test procedure. If alternative hear-
ing conservation criteria, such as that proposed by NIOSH, are adopted, the
number of cases of overexposure to noise would increase and the stationary
screening test procedures would have to be reexamined to determine their
applicability. :



1.0 INTRODUCTION

Noise has long been recognized as a contributing factor in hearing
damage [1]}. As such, the prospect of workers incurring hearing damage
as the result of occupational exposure to noise is recognized in Ameri-
can industry as a potential safety and health hazard. In order to mini-
mize this risk potential, the Occupational Safety and Health Administra-
tion (OSHA), acting under the authority of the Occupational Safety and
Health Act of 1970, has established regulations for maximum allowable
occupational noise exposure [2]. These regulations are applicable to
all workers not otherwiée subject to safety and health related regula-
tions issued by other Federal agencies. 1In the railroad industry, operat-
ing employees fall under this latter class of potentially exempted workers
since they are subject to the safety regulations of the Federal Railroad
4 Administration (FRA) as outlined in the Federal Railroad Safety Act of
1970 [3].

On March 7, 1975, the FRA published an Advance Notice of Proposed
Rﬁle Making titled "Railroad Occupational Safety Standards™ [4] in which
it proposed to adopt many of the OSHA Occupational Safety and Health
Standards including 29 CFR 1910.95 "Occupational noise exposure.” Be-
cause of an interest in locomotive crew noise exposure, the FRA decided
that a study of railroad noise environments should be conducted to

determine the extent of railroad worker noise exposure and to obtain the

Numbers in brackets refer to references listed in Section 8.0 of this

report.



information necessary to provide rallroad workers with hearing
conservation protection.

As a first step, the FRA decided to investigate railroad locomotive
crew noise exposure. Through an Interagency Agreement, the FRA arranged
for the National Bureau of Standards (NBS) to conduct a cooperative
study with the Association of American gailroads (AAR) and four operat-
ing railrb;ds—-Conéolidated Rail Corporation, Seaboard Coast Line Rail-
road Company, Southern Pacific Transportation Company and Southern Rail-
way System——to assess the noise environment in locomotive cabs. The
objectives of this study were to determine the charécteristic noise
levels in locomotive cabs for various operational duty cycles and to
investigate simplified testing procedures which might be used to assess
crew noise exposure for actual over—-the-road runs. This report presents
a description of the measurement methodology and instrumentation system
used to collect the neceésar§ data bhase, an evaluation of the noise
environment in locomotive cabs for actual over—-the-road operations, and
the development of test procedures for routinely assessing the occupa-
tional noise eprsure of railroad locomotive crews.

On March 31, ]980, the FRA published the final rule titled, "Rail-
road Locomotive Safety Standards and Locomotive Inspections." This rule

now defines the present noise regulations for the locomotive cab.



2.0 OCCUPATIONAL NOISE EXPOSURE

In developing this program, initial consideration was given to the
question of which hearing conservation criteria should be used as a
“benchmark” to assess the locomotive cab nolse environment. This was
necessary in order to design a measurement program and instrumentation
system that would provide all of the required data to compare with the
chosen hearing conservation criteria. A review of the literature on the
subject indicates that, while many hearing conservation criteria exist,
the OSHA Occupational Noise Exposure Standard [2] is most commonly used
in the United States and therefore is probably most appropriate for this
study.

The current OSHA noise regulation utilizes a time-weighted averaging
scheme that takes into account the intensity and duration of the noise to
which the worker is exposed. The time/inteusity relationship utilized by
OSHA is i1llustrated in Figure 1.2 There are three important characteris—

tics which describe this relationship:

Criterion Value — reference value for determining allowable noise
exposure, usually defined as the maximum
steady-state sound level permitted for 8 hours of
exposure,

Tradeoff Rate - defines the relationship between the equivalent
steady-state sound level and the allowable ex-
posure time at that level, i.e., the slope of
the line in Figure 1, and

21t should be noted that the OSHA Occupational Noise Exposure Standard
specifies that the sound levels be measured using A-weighted, "slow”
response as specified in ANSI S1.4-1971 [5]. All data presented in this
report are A-welghted, "slow” response sound levels unless stated
otherwise.
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Threshold Level - steady-state sound level below which it is assumed
that there is no contribution to potential hearing
loss.,

As shown in Figure 1, as the sound level increases the maximum allowable
exposure time at that level decreases. The "trade—off” rate between level
and duration is 5 dB for each doubling of duration, e.g., 8 hours of
exposure is permitted for a sound level of 90 dB, but only 4 hours is
permitted at 95 dB. In equation form, the maximum allowable time based on
the OSHA standard is given by

90-L

T = 8x2 s (L)

where T = maximum allowable time, hours, and

L A-weighted, "slow"” response sound level, dB.

The noise exposure or_noise "dose"” of the worker is determined by
dividing the actual time exposed to a given sound level by the maximum
allowable time at that sound level obtained from Figure 1. If the
worker is exposed to several different sound levels, the dose is the
sum of the ratios of the actual times divided by the maximum allowable

times. Mathematically this can be expressed as:

C C2 Cs Cn
Noise Dose = — + — + — + ,,, + — |, (2)
1 T2 T3 n

where, C, = actual time exposed to a given sound level, hours

m
1

n maximum allowable time at that given sound level, hours.

The criterion for allowable noise exposure requires that the noise dose

be less than 1.0. A noise dose of 1.0 or greater indicates that the
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hearing conservation criterion has been exceeded and that there {s a risk
of potential hearing damage.

Two other items to note in Figure 1 are the upper sound level limit
of 115 dB and the baseline or threshold level of 90 dB. Under the current
OSHA standard, no exposure time is permitted for sound levels in excess of
115 dB, Thus, if a worker is exposed to levels above 115 dB, this
automatically indicates that the OSHA criteria are exceeded.

The threshold level of 90 dB represents the baseline for determining
a workers noise exposure. This means that any time spent in an
environment where the sound level is less than 90 dB is not included in
the noise exposure or "dose” calculation for the worker. This is
demonstrated in the following example. Assume a machine shop worker does

the following tasks in an 8 hour day:

" lathe operation —- 2 hours at 91 dB
stamping = - 2 hours at 95 dB,
punch press - 0.25 hour at 97 dB, and

parts iunspection — 3.75 hours at 83 dB.
The OSHA noise dose is then calculated by dividing the actual time by the
maximum allowable times at each sound level above 90 dB and summing the

results., The noise dose for this example is

Noise Dose = _2_ + _2 4 0.25 _ 0.87.
7.0 4,0 3.0

Since the noise dose 1s less than 1.0, the OSHA hearing conservation cri-

terion is not exceeded., Note that in the above calculation the time spent



inspecting parts is not included since the sound level is below the thres-—
hold of 90 dB.

The OSHA standard is based on an 8-hour work day. This is appropriate
for most industrial situations, but the FRA hours of service rules permit
railroad locomotive crews to work as long as 12 hours [6]. Hearing damage
data for exposures greater than 8 hours are limited and no legally establish-
ed procedures for dealing with such cases exist. One possibility might bhe to
extend the threshold level to the sound level corresponding to 12 hours.

From Figure 1 or Equation (1), this sound level is 87.1 dB for the OSHA
standard.

Another approach proposed by OSHA, but not yet legally adopted, was to
lower the threshold level to 85 dB {7]. The criterion value remains 90 4B
for 8 hours but exposures to levels as low as 85 dB are included in the noise
dose calculation. Referring to Figure 1, this corresponds to extending the
solid line to the threshold level of 85 dB, which has a maximum permitted ex—
posure of 16 hours. This same procedure has been proposed by FRA for regula-
ting in-cab locomotive noise [8]. 1In this report, the noise dose is calcu-
lated using both the 85 and 87.1 dB threshold levels, in addition to the
90 dB value specified in the current OSHA standard. This is done to give
some idea of the effect of possible future revisions of hearing conservation
criteria on in—cab locomotive noise exposure.

Two other hearing conservation criteria which are being considered are
the National Institute for Occupational Safety and Health (NIOSH) proposed
85 dB criterion value [9] and the equal-energy criteria [10]. The proposed
NIOSH criteria are similar to the current OSHA standard with a time/intensity

trade-off of 5 dB per doubling of duration. The difference is that the NIOSH



proposal would reduce the criterion value to 85 dB at 8 hours with an 80 dB
threshold level. The equal-energy criteria, on the other hand, assume that
the hearing-damage risk is determined by the total amount of sound energy to
which the worker is exposed, so that the trade-off is 3 dB per doubling of
duration and there is no threshold level. These criteria are plotted along
with the OSHA standafd in Figure 2. (For sake of comparison, a criterioﬁ
value of 90 dB at 8 hours is assumed for the equal-energy criteria.) As a
further comparison of the differences between these criteria, if the example
of the machine shop worker were repeated, the noise doses would be 2.09 for
the NIOSH criteria and 1.36 for the equal-energy criteria. Both of these
proposed criteria would be exceeded in this case.

The noise dose calculations in this report are based on the 90 dB at
8 hour criterion value with a 90 dB threshold level as specified in the OSHA
standard (except where overall comparisons are made). The NIOSH and equal-
energy hearing conservation criteria are mentioned only to demonstrate the
effect on the noise dose calculation. If new regulations were adopted which
used either of these criteria, the material presented in this report would
have to be reexamined to determine its applicability.

The primary concept that should be remembered is that the noise dose is
a function of both sound level and duration. Even though a worker is exposed
to high sound levels (i.e., greater than 90 dB), the OSHA criteria may not be
exceeded if the exposure times are sufficiently short (unless 115 dB is
exceeded). Thus in examining railroad locomotive noise, not only must the
characteristic sound levels of the different sources and operations be
determined, but also the typical duration or operational cycle. This concept

of sound level versus duration is also important in determining which
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types of railroad locomotive operations are most likely to have cases of
overexposure to sound e.g., switching versus over-the-road freight. Becuause
in—-cab sound level and operational duty cycle data are extremely limited,
only engineering estimates can be made regarding the various types of locomo-
tive operations. Based on the avallable data and conversations with FRA and
AAR staff, railroad locomotive operations are broken down into four general
categories: switching, long division or drag freight, short division or
passenger and electric commuter. The relative qualitative estimates of

sound level and exposure time for these four categories are:

Operation Sound Level Exposure Time
switching low high
long division or drag freight high high
short division or passenger high low
electric commuter _ low low

This is illustrated in Figure 3, As shown here, locomotives operated in
divisions which have long runs, or where slow drag freight movement is
involved, are most likely to have problems with excessive noise exposure
because of the high sound levels and long exposure times. On the other hand,
switching operations, which have long exposure times but little notch 8 oper-
" ations and thus low sound levels, and short division or passenger trains,
which have high sound levels but short exposure times, are less likely to

have situations where excessive noise exposure occurs.

10
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These, of course, are only qualitative estimates and are not intended to
imply that there are not cases of overexposure to noilse for these other opera-
tions., It merely means that the potential for overexposure to noise is greater
for long division and drag freight oﬁerations. Thus, this initial study was

limited to examination of long division and drag freight operations.
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3.0 EXISTING LOCOMOTIVE DATA

In developing this pfogram, initial efforts were directed at examining
the avallable information on in-cab locomotive noise, typical locomotive
operations, and the make-up of the current locomotive fleet. This informa-
tion 1s useful in assessing the potential problem of in-cab locomotive noise
and in determining what types of locomotives and locomotive operations are
most prevalent. These data formed the basis for the development of the field
measurement program.

A review of the literature showed that a breakdown of the U. S. locomo-~
tive fleet existed, but that data on in-cab locomotive noise and locomotive
operations were limited., In no case had noise and duty cycle data been re-
corded simultaneously to permit evaluation of the noise dose. Thus, a survey
of the current locomotive fleet was necessary to develop the required data
base.

The remaining portion -of this section is divided into three subsectiocas
dealing with in-cab locomotive noise, locomotive operations and the make-up
6f the locomotive fleet. Although limited, the data do indicate that cases
of overexposure to noise could occur given the right combination of locomo-
tive and trip length.

3.1 In-Cab Noise

The majority of data that are available on locomotive noise are for
exterior measuremeﬁts, primarily in regard to the EPA Interstate Rail Carrier
Noise Emission Standards [11]. Although rank ordering of different types of
locomotives according to these data is possible, the information necessary to

infer in-cab noise levels from exterior noise measurements does not exist.
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The data on in-cab nolse that previously were available consisted pri-
marily of maximum A-weighted sound levels for horn and brake applicatiéns and
for the eight engine notch settings under load and no load conditions.
Although this is useful information, without some knowledge of the opera-
tional duty cycle, e.g. the duration and number of horn applications and the
amount of time spent In notch 1, notch 2, etc., assessment of crew noise
exposure is not possible.

The data found in the literature are listed in Tables 1 and 2. These
data are for either stationary or over—the-road operating conditions for five
types of locomotives. The operating condition during the measurement, engine
notch setting and measurement location in the cab, if specified in the
original reference, are also listed in.these tables. The following general
conclusions can be made based on these data:

1) In-cab noise levels increase with engine notch setting.

2) Horn and brake applicatidns generate noise levels greater
than that generated by the engine, even at notch 8.

3) In most cases there is little difference in noise level
between the engineer's position and the fireman's or brake-
man's position in the cab.
4) At low notch settings there is practically no change in
noise level due to opening or closing the cab windows.
At notch 8, opening the windows increases the noise level
in the cab by 2.5 to 4 dB.
These results are not surprising considering the physical construction
and layout of most diesel electric locomotives. The general design consists

of a diesel engine hard-mounted to the main frame rails and exhausted out of

a stack through the top of the locomotive hood. The diesel engine drives an

14



Table 1. In-cab noise levels for various locomotives operating under
stationary or over-the-road test conditions.
- LOCOMOTIVE ENGTINE MEASUREMENT A-WEIGHTED
LOCOMOTIVE OPERATING CONDITION NOLSE NOTCH LOCATION IN SOUND LEVEL,

WD DURING MEASUREMENT SOURCE SETTING CAB dB re 20 uPa REFERENCE
EMD lead unit in consist engine (a) unspecified unspecified 92 2!
SD4S with another SD45 oper- " (b) " " 88

ating on-line pulling
72 car, 4065 ton freight
train horn (a) unspecified | unspecified 98
a) light load, medium
speed
b) heavy load, low speed
ALCO operating on-line pulling | cenglne unspecified unspecified 90 21
AGP-20-MSC 4 car passenger train horn " " 93
medium load, medium speed | brake " " 105
EMD stationary, connected engine (a) 1 unspecified 75 132
F7A to load cell " 2 " 78
a) windows closed " 3 o 81
b) windows open " 4 " 85
c) engine room door open " 5 " 88
" 6 " 89
" 7 " 90.5
" 8 " 90,5-92.5
engine (b) fireman's
8 position 91
engine (c) | | 8 " 105
horn (b) 8 " 103
brake (b) . 8 unspecified 98
crossing
bell (b) 8 " 91
EMD stationary, connected engine (a) L engineer's 71 13
GP9 to load cell " 2 position 74
a) windows closed - " 3 " 80
b) windows open " 4 " 81
c) engine room door open " 5 " 84
" 6 " 85
" 7 " 88
" 8 " 87
engine (b) fireman's
8 position 94
engine (c) 8 " 100
horn (b) 8 " 102
EMD operating as switching engine 1 engineer's 70 L4
GP7 engine pulling 25 " 8 position 92-95
loaded cars horn 1 " 93
brake 1 " 92-97
emergency
brake 1 " 116-120
stationary, connected engine 8 engineer's 95 15t
to load cell, window horan 1 position 104

position unspecified

! Measurements made using a sound level meter, meter response unspecified.

2
° Measurements made using a sound level meter, meter set for '"fast" response.
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Table 2. In-cab noise levels for an EMD SD40-2 locomotive operating
by itself. Measurements were made at positions corresponding
to 6 inches from the engineer's and brakeman's ears using a
sound level meter set for A-weighting and "slow" meter
response [16].

A-WEIGHTED SOUND LEVEL, dB re 20 uPa
SPEED, THROTTLE WINDOW SHORT HOOD FORWARD™ LONG HOOD FORWARD®
mph NOTCH POSITION .
SETTING ENGINEER | BRAKEMAN ENGINEER | BRAKEMAN
10 Idle Closed 68 68 - -
10 1 Closed 69.5 69.5 69 69
10 1 Open 71 71.5 69.5 70
20 Idle Closed 68.5 69 - -
20 1 Open 69.5 70.5 69.5 69.5
20 1 Closed 70.5 71 70.5 70.5
20 8 Closed 82.5 81.5 84 83.5
40 Idle Closed 71 71 71 71.5
40 4 Closed 76 75.5 76.5 76.5
40 8 Closed — - 83 83
55 Idle ’Closed 73.5 74 74 74
55 8 Closed 84 83.5 82 81.5
55 8 Open - - 84.5 85.5

*See Figure A-1l on page 154 for illustration of short hood and long hood ends
of a locomotive,
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electrical alternator which in turn drives electric traction motors on the
axles. Since the cab is also hard-mounted to the same frame rails as the
engine, a considerable portion of the in-cab noise is probably due to
structure-borne nolse propagated along the frame ralls and radiated into the
cab from the interior panels. Thus as the engine notch setting is increased,
the engine speed and generated horsepower increase and as a result so do the
in-cab noise levels.

The fact that the in-cab noise levels are affected by window position at
notch 8 and not at low notch settings iandicates that the principal sources of
noise are most probably structure~borne engine noise at low notch settings
and exhaust stack radiated nolse at high notch settings. Although no data
were reported, one would expect that window position would have an influence
on in-cab levels due to horn operations, since the horn is located on the
exterior of the cab, but not the levels due to brake applicatons since the
brake pipe vent 1is inside the cab. Also, since the cab is a relatively hard,
reverberant space, the noise levels would not be expected to vary
significantly throughout the cab. This is verified by these data.

Thére are several specific items which should also be mentioned
regarding these and other related data:

1) Opening the engine room door obviously has a significant

effect on in-cab noise levels and must be considered when
evaluating the crew noise exposure in locomotives [13].

2) The data from references. [13] and [14] must be treated caut-
iously since measurements were made using "fast" rather
than "slow" meter response as specified by OSHA. If rela-
tively "steady-state” noise sources are being measured,
such as engine noise, the difference between "slow” and
"fast” response results may be small, but for transient

events such as horn blasts or brake pipe ventings, this is
not the case. For such events, a meter set for “"slow”
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response cannot respond fast enough. This results in a lower
maximum sound level reading than if "fast"” meter response
were used. This is mentioned here because in Reference 14
the emergency brake application, which is a short duration,
high intensity nolse, generated levels greater than the

115 dB permitted by OSHA. 1If "slow” meter response had been
used, these levels would probably have been lower than those
reported and perhaps even less than 115 dB.

3) Locomotive diesel engine noise 1s composed primarily of low

frequency components, with the largest component near

100 Hz. This is shown by the spectral data plotted in
Figure 4 for conditions of engine only and engine with horn
in use for an EMD SD45 locomotive [12]. TFor the particular
horn used on this locomotive, the spectrum has a primary
peak at 400 Hz and a secondary peak 7 dB down at 1000 Hz.

In general, these data indicate that noise levels in the locomotive cab
can be greater than 90 dB (the threshold level for the current OSHA stan-
dard). If the duration 1s long enough, potential problems of overexposure to
noise could occur. Although no crew noise dose measurements were found in
the literature, engineering estimates of the dose have been made based on
rough approximations of the locomotive duty cycle [12,17]. 1In both refer-
ences, the authors concluded that the noise levels and duty cycles of typical
locomotives could result in cases of potential overexposure to noise. Thus,
a survey of different types of locomotives being used for various forms of

train movement under a range of operational conditions is necessary to assess

adequately railroad locomotive crew noise exposure.
3.2 Operational Duty Cycle

Characterization of the duty cycle for various types of train movements is
essential because the noise levels in the cab, and thus the crew noise dose,
are a function of how the locomotive is operated. Since there is such a wide

range of possible operations, development of a standardized duty cycle with
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wide applicability may not be feasible. FExamination of the available inform-
ation in the literature shows that duty cycle data are available for locomo-
tive diesel engine operations, but that only very sketchy information 1is
available concerﬁing horn and brake applications for different types of runs.
The duty cycle data on locomotive diesel engine operations were obtained pri-
marily for fuel economy and exhaust emissions studies and may not represent a
broad enough range of locomotive operations to characterize adequately all
types of locomotive operations in the United States.

3.2.1 Diesel Engine Operations
Locomotive diesel engines operate in a number of discrete throttle positions
or fnotches", each of which corresponds to a unique engine speed and power
output., Many line-haul locomotives are also equipped with a dynamic brake
mode which utilizes the traction motors to slow down the train. This 1is ac-
complished by using the traction motors as generators and passing the current
that is produced through a bank of resistor grids where the power is dissi-

pated as hg§E1w“;§_ghgggzgégigibrake mode the engine operates at a predeter—

mined speed specified by the engine manufacturer.
The two primary manufacturers of diesel-electric locomotives in the

United States are the Electro-Motive Division (EMD) of General Motors Corpor-—
ation and the General>E1ectric Company (GE). All EMD and most GE locomotives
utilize eight engine speeds to obtaiﬁ the eight power outputs or notch set-
tings (plus an idle notch). However, late model GE units use just two engine
speeds (plus a low idle speed) to produce the same eight power outputs. The
nominal engine speeds and percent of rated brake horsepower for both types of

GE locomotives and for EMD locomotives are given in Table 3 [18].
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Table 3. Typical EMD and GE locomotive engine speeds énd percent of
rated brake horsepower for idle, the eight throttle positions
and dynamic brake [18],

Throttle

EMD LOCOMOTIVES

GE LOCOMOTIVES

Nominal Engine % Nominal | Nominal Engine Speed, rpm | %Z Nonminal
Position Speed, rpm Rated BHp 8~-gpeed 3-speed Rated BHP
Idle 315 1.0% 450 450 1.0%
1 315 5.0 450 790 4,0
2 395 12,0 535 790 10.0
3 480 23.0 620 790 20,0
4 560 35.0 705 1050 30.0
5 645 51.0 790 1050 48,0
6 730 66.0 880 1050 65.0
7 815 86.0 965 1050 82.0
8 900 - 100.,0 1050 1050 100.0
Dynamic ‘
Brake 645 3,0% 1050 1050 6.0%

*Auxiliary Load Only

i,

Several studies dealing &ith duty cycle in regard to exhaust emissions

and fuel consumption have been conducted by cooperative efforts between the

engine manufacturers and various railroads.

The results of these studies,

summarized in Reference 18, are presented in Table 4 along with a compro-

mise schedule proposed by the Association of American Railroads (AAR). All

but one of thése_cycles are for line—haul or road operations, with the excep—

tion of the cycle for switch engine service compiled by the Atchison, preka

and Sante Fe Railway (ATSF).

The duty cycle for the GE locomotives consist

of the minimum and maximum values obtained in their study and two average

s;ﬁedules presumably derived by differentiating between different types of

train movements.

The two EMD cycles and ATSF cycles represent upper (or

"High") and an average (or "Medium") amount of notch 8 utilization. The
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Table 4. Locomotive diesel engine duty cycle data [18].
DUTY CYCLE, PERCENT OF OPERATING TIME
THROTTLE GE EMD ATSF : AAR
POSITION Min, Max. 1st Avg. 2nd Avg. High Medium High Med{ium Switcher
Idle 59.0 40.0 54,0 53.0 41.0 46,0 46,0 59.0 77.0 43,0
1 6.5 2,5 5.0 5.1° 3.0 4.0 5.0 5.0 10.0 3.0
2 6.5 2.5 2.5 3.9 3.0 4,0 3.0 4,0 5.0 3.0
3 6.5 2.5 2.0 3.4 3.0 4,0 3.0 3.0 4,0 3.0
4 6.5 2.1 5.0 3.3 3.0 4.0 3.0 2,0 2.0 3.0
5 2.9 1.7 2.0 2.8 3.0 4,0 2,0 2.0 1.0 3.0
6 2.9 1.7 2.0 3.4 3.0 4.0 3.0 2.0 1.0 3.0
7 2.5 1.8 2.5 2.6 3.0 4,0 2.0 1.0 - 3.0
8 5.2 ‘38.0 21;0 17.0 30.0 17.0 24,0 20,0 -— 28.0
Dynamic
Brake 1.5 7.0 4,0 5.5 8.0 9.0 9.0 2.0 * 8.0

* Switch engine not equipped with dynamic braking.




AAR duty cycle is a compromise between the "High" EMD and the GE duty cycles
and is not the result of an actual study.

These data show that for line-—haul locomotive operations the major per-
centage of time 1is spent either in notch 8 or at idle with a much lower, and
fairly even, distribution among the other notch settings. The switcher duty
cycle is, as expected, primarily idle and low power notch settings.

There are differences among the nine duty cycles for line-haul locomo-
tives, especially the percentages of time spent at idle and at notch 8. As
reported in Reference 18, these differences may be due to the interpretation
of "total” engine operating time, since locomotive engines are normally al-
lowed to idle when not in use and are not shut off except for major mainten-—
ance and repair. TIf the total engine operating time is defined”to include
the time spent with the locomotive in idle awaiting routine maintenance or
gservice such as fueling, loading with sand, etc., the percent time for the
idle throttle position will be substantially higher. Based on these data, it
is not possible to determine the locomotive engine duty cycle for in-service
operations, since a portion of the total engine operating time may include
times when the crew 1is not aboard. This difference can be noted by comparing
the data from Table 4 with the data in Table 5 which gives the average per-
cent time spent in each notch setting while the locomotive is operating on-
line [19]. 1In this case, the majority of time is spent at notch 8, with no
time at idle. While this may be a valid representation of the duty cycle for
the total time that the locomotive is under way, it does nét represent the
duty cycle for the total time that the crew is aboard the locomotive. There
are times spent with the locomotive at idle waiting to get into or out of
yards or on a siding for another train to pass which should be included in
the duty cycle.
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Table 5. Locomotive diesel engine
duty cycle based on the
time that the locomotive

-1s under way [19].

THROTTLE : DUTY CYCLE,
POSITION average percent
time
Idle ) -=
1 5
2 5
3 5
4 5
5 5
6 5
7 5
8 51
‘Dynanmic
Brake 14

The data presented in Tables 4 and 5 represent averages based on various
types of operational runs. While this information isluseful for examining
the relative amounts of time spent in each notch setting, it does not provide
any indication of the variability of this time for different types of opera-
tional runms,

Duty cycle data for individual runs were obtained in a fuel consumption
test program conducted by FRA [20], These data are for a unit coél‘train
(both loaded and unloaded) and a unit "TOFC" (trailer-on-flat car)atrain.

The data are presented for discrete test zones which were established to
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begin and end at crew change points. The operating conditions, train
parameters and general terrain features for these trains are listed in

Table 6. The duty cycle data In terms of percent time in motion versus notch
settiﬁg are presented in Tables 7 and 8. As shown by the large standard
deviations, there is a high degree of variability of percent time in each
notch setting due to differences in terrain featureg and, perhaps to a lesser
extent, different engineers, An interesting point to note is that based omn
the average values, there are only minor differences in the duty cycle (total
trip time and percent time versus notch setting) for the loaded aund unloaded
coal trains. This may indicate that the engine duty cycle is more strongly
influenced by terfain than by train load.

A comparison of the average values from Tables 7 and 8 with the duty
cycles'reported in Table 4 indicate a general agreement, except for idle.
These values are significantly lower because the trip times in Tables 7 and 8
- are based only on the time the trains were in motion.

3,2.2 Brake Applications

Braking duty cycle is strongly dependent on the train make—up (number of
cars and tralling tonnage) and the terrain features for a pérticular run,
Because of the trend in the past two decades towards the use of larger
freight cars capable of carrying heavier loads, the braking duty cycle in
flat and undulating terrain is now double to triple that in the early 1950's,
It is expected that this trend will continue for at least the next dgcadé
[21].

The braking system on a train is>pneumatically operated. A brake pipe

system, pressurized to about 80 psi, runs the length of the train. This
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Table 6. Operating conditions for trains used in FRA fuel consumption
test program [20].

OPERATING UNIT COAL TRAIN UNIT "TOFC" TRAIN
CONDITIONS LOADED | UNLOADED WESTBOUND EASTBOUND
Type of Terrain Predominantly level: Mixed: level to mountainous
80% of run between
0 + 0.49% grade
Locomotives EMD SD40 (4 units) EMD DD40 (2 units)
EMD SD40 (1 unit)
Total Horsepower 12,000 16,200
Total Number of Cars 110 110 35 47
i. loaded 110 34 46
11. unloaded 110 1 1
Trailing Gross Tons 14,395 3,397 2,50i 3,233
Miles Traveled 682.1 682.1 1,519 605
Total Time in Motion, 27.90 | 27.5 31.38 11.03
hours
Average Speed, mph 24,4 24,8 48.8 55.3
Number of Crews 6 6 8 3
Nu;ber of Stops 31 32 8 3
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Table 7. In-service locomotive diesel engine duty cycle information for a
unit coal train (loaded and unloaded) [20]. The operating condi-
tions are listed in Table 6.
TEST TRIP PERCENT OF TOTAL TRIP TIME IN EACH NOTCH SETTING
TIME, {[STOPS -
ZONE hr IDLE 1 2 3 4 5 6 7 8
L 1 5.10 2 4.8 1 3.4 10.5 6.6 3.6 5.8 10.5] 6.2 43.6
Z 2 3.52 2 4.7 19.0 11.1]19.9] 15.1 4.7 5.111.7 28.7
g 3 4.47 4 9,7 16.8 10.1 8.9 5.5]12.7 5.212.3 38.8
D 4 2.99 4 15.6 | 8.7 23.2114.8 6.5110.7 5.114.8 10.5
5 6.93 12 7.7 18.5 16.013.3}14.9]11.9 11.5}16.3 9.9
6 4.89 7 5.8 {9.6 12.7110.9{13.8{14.6 7.7 14.3 20.6
MEAN 4.65 5 8.117.7 13.9|12.4 }10.7 | 10.1 7.514.3 25.4
STANDARD
DEVIATION| 1.38 4 4.212.3 5.0 4.7 4.4 4.0 2.9 11.9 14.2
TEST TRIP PERCENT OF TOTAL TRIP TIME IN EACH NOTCH SETTING
TIME, |[STOPS -
ZONE hr IDLE| 1 2 3 4 5 6 | 7 8
U 1 (3.23)* 4% 9.3110.5| 12.7 7.0 5.0 6.9 9.7¢ 8.9 30.0
N
L 2 3.39 5 2.7| 5.5 8.7 9.3 7.4 2.6 8.3(12.1 43.4
0
A 3 (0.63)* 2 5.3 15. 16.2 3.7 2.9 2.9 4,21 0.0 49.1
D
E 4 (2.48)*% 2 6.0114.3 1| 31.4 {11.6 4.5 5.0 6.7 6.6 13.9
D
5 6.98 10 10.9 ] 19. 29.0112.7 [16.1 7.7 2.4] 0.6 1.4
6 4,88 9 4.81]12. 22.0113.2 115.6|18.3 5.9 2.3 5.0
MEAN 5.08 8 6.1112. 19.9 | 11.7 | 13.0 9.5 5.5| 5.0 16.3
STANDARD
DEVIATION | 1.80. 3 4.3 6. 10.3 2.1 4.9 8.0 3.0} 6.2 23.6
* Less than trip time; percent times based on available throttle data.
Data for these zones are not included in the mean and standard deviation

calculations.
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Table 8. In-service locomotive diesel engine duty cycle information for a
unit "TOFC" train [20]. The operating conditions are listed in

.Table 6.
TRIP PERCENT OF TOTAL TRIP TIME IN EACH NOTCH SETTING
TEST ZONE | TIME,
hr c* 2 3 4 5 6 7 3
1 4,46 8.1 | 11.1| 4.0 4.7 1.7 4.4 | 20.5 | 45.5
2 3.23 17.2 2.8 | 5.6 | 15.4 7.9 6.0 | 7.4 | 37.5
3 3.33 29.3 6.3 | 14.0 | 11.7 | 10.4 | 10.4 7.6 | 10.3
: 4 4.01 45.3 1.0 | 6.0 | 11.6 7.9 | 10.9 5.6 | 11.6
2 5 3.42 13.6 1.7 7.5 9.6 | 18.9 | 15.4 | 17.1 | 16.2
6 5.31 51.7 1.1 2.8 3.7 9.6 9.0 7.1 | 15.0
7 3.45 33.5 1.3 | 3.4 3.9 8.7 | 13.5 5.7 | 30.0
8 | 4.17 43.5 7.9 | 8.3 7.2 3.6 6.8 5.8 | 16.9
. 1 4.26 39.4 6.3 | 4.2 8.5 | 11.3 | 10.9 | 13.4 | 6.0
2 2 2.93 25.6 1.5 | 6.2 | 10.8 5.6 5.1 3.6 | 41.6
T 4 3.84 11.7 2.0 | 8.6 8.2 5.1 | 2606 | 12.1 27.7
MEAN | 3.86 29.0 3.9 | 6.4 8.7 8.2 | 10.6 9.6 | 23.5
STANDARD
DEVIATION | 0.68 15.0 3.4 | 3.2 3.7 4.6 5.8 5.4 | 13.6

* Combined idle-dynamic brake sequence.

28




brake pipe system is connected, through appropriate control valves on each
car, to brake cylinders which are'used to apply the brakes. In over-the-road
operations, the brakes are applied by venting controlled amounts of air from
the brake pipe system through the automatic brake valve in the lead unit of
the iocomotive consist. This pressure reduction ranges from 5 to 10 psi for
a minimum reduction, to 23 to 26.psi for a full service system reduction
[22]. The air released from the brake pipe system during this presshre re—
duction is vented directly from the automatic brake valve into the locomotive
cab. This venting of air is the mechanism which generates the noise
associated with a brake application. The duration and intensity of this
venting process are functions of the brake pipe pressure reduction and the
length (i.e., total air volume in the brake system) of the train., Should a
situation occur which requires the train to be stopped immediately, the
automatic brake valve can be placed in the "emergency” position. In this
position the air from the brake pipe 1s vented at a much higher rate causing
the train brakes to be quickly applied. 1In this case the duration of the air
venting is shorter, but the sound level is much higher.

The locomotives in the consist also have a separate braking system from
the train brakes. This system, referred to as the "independent” brake, is
similar to the train brake system. The air venting for the independent brake
is identical to the train brake pipe venting except that because the total
volume is smaller,.the duration is shorter.

Data on braking duty cycle are limited primarily to studies investigat-
ing brake equipment and brake shoe wear. Although a considerable amount of

work has been done on braking to improve train handling, these studies have
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looked at the proper braking sequence for particular train make-ups and ter-

rain features and not the total braking duty cycle for a complete rum. Ref-

erence 21, cited above, gives an overview of past trends and future pro jec—

tions of braking duty cycle for freight train services in North America, as et
well as an example of braking duty cycle for a complete run. This example,

given in Table 9, is for an in-service run in the southcentral portion of the

United States. For this particular run, which is 136 miles long, there were

32 brake applications with an average brake pipe pressure reduction of

8.6 psi and an average duration of 67 seconds.

Based on information similar to this for runs over other types of ter-
rain, the ranges of average braking duty cycle listed in Table 10 Qere
determined [21]. Although the percentage of time spent braking is higher for
long, heavy grade terrain, the majority of the braking that occurs takes
place over general undulating terrain because of the large proportion of
route miles which are this t&pe of terrain. The braking technique commonly
used 1s called power or "stretch” braking. Stretch braking involves working
the power of the locomotive consist against the action of the brakes to hold
thé train speed steady or to make minor speed reductions on a downgrade while
running over undulating terrain., Utilization of this braking technique
results in frequent use of the air brake system, but provides for better

train handling through closer control of train speed and slack.

3.2.3 Horn Souhdings
There are very few data regarding horn duty cycle because the horn is

used only intermittently and is not an integral part of the traln handling or
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Table 9. Example of braking duty cycle for an actual run in the
southcentral portion of the United States [21].
Length of Time Speed Range, Brake Pipe
Application Brakes Applied, mph Reduction,

Number Seconds psi
1 60 64-59 8
2 40 64 8
3 40 63-50 8
4 150 62-35 12

5 70 61 8
6 80 62 8
7 70 63-58 8
8 80 63-55 8
9 90 58-30 10
10 70 60 8
11 90 60-40 8
12 60 40-15 9
13 90 62-55 8
14 70 65-60 8-
15 50 65-40 9
15A 40 40~-25 15
16 30 30 *
17 60 30 8
18 70 40 8
19 60 45 8
20 70 62-55 8
21 60 60-57 8
22 75 60-55 8

23 60 45-40 8 -
24 120 45-40 8
25 60 60 8
26 40 64 8
27 60 62 10
28 60 62 8
29 60 62 8
30 50 63 8

31 60 60-0 To Full
Service

Note: Distance traveled was 136 miles.

*No value reported in Reference [21].
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Table 10. Average braking duty cycle on various types of terrains
[21}. Braking duty cycle is percent of total run time
that the brakes are applied.

Type of Braking
Railroad Profile Grade Duty Cycle Route Miles
Flat +0.5% or less 2-5% 24,600
General Undulating +0.5% up to 8-20% 160,000
approximately +1,3%
Significantly Long and/or +1.3% up to 25-407% 61,400
Heavy Grade* approximately

"+37% with a few
+47 to +5% maximum

*Long and heavy grade districts usually include considerable mileage of
general undulating and some flat territory. Very few heavy grades are in
the +5% range.

performance. The horn is used primarily as a warning signal at grade cross-—
ings and to a lesser extent for alerting crew members and other railroad
workmen that the train 1s about to move. The sequence for the horn applica-
tion at a crossing is two long blasts és the lead locomotive approaches the
crossing, one short blast immediately prior to the crossing, and finally, one
long blast through the intersection. In Reference 17, engineering estimates
of 3 seconds for the three long blasts and 1.5 seconds for the short blasts
are used to compute noise exposure. However, the author of Reference 12
reported that for the two trains he examined the two engineers differed in
horn blowing techniques. One used very short blasts, while the other sounded
the horn considerably longer. Thus, the timing for the horn-blowing sequence
and the duration of each blast is strongly influenced by the horn-blowing

technique of each engineer.
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Regardless of the horn-blowing technique of the engineer, the countrol-
ling factor for horn duty cycle is the number of grade crossings. This num-
ber is dependent on the particular operating territory, whether it be thrdugh
populated areas with many crossings or through the mountains or desert with
virtually no crossings. Because few data are available, further informa-
tion on the number of crossings for various types of runs is needed to char-

acterize typlical horn duty cycles.

3.3 Fleet Population

The third element required to assess the extent of railroad crew noise
exposure is the make-up of the current diesel locomotive fleet in the United
States. This is necessary to determine which types of locomotives are mdst
prevalent and thus more likely to have a larger percentage of on—board crew
time than other less common typeé of locomotives.

The current U. S. locomotive fleet for Class I railroads? totaled
27,598 units as of April 1578 f24]. A breakdown of this fleet is given in
Table 11. Based on these numbers, it is seen that 84 percent of the loc?mo~
tive fleet 1s composed of road units with the remaining 16 percent being
switchers. As noted in the caption to Table 11, the values for "switchers”
includes only those units designed as switchers (mostly endcabs) and notAroad
units assigned to switching. Thus, the number of locomotives utilized as
road units will be somewhat less than the 84 percent shown here. Examination
of the road units shows that 96 percent of such locomotives have been manu-

factured by EMD and GE, with EMD accounting for 83 percent. A similar

3Class I railroads are those having annual revenues of $5 million or more.
They account for 99 percent of the national freight traffic [23].
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Table 11. Breakdown of the United States locomotive fleet (as of April 1978) for Class I railroads [24].
"Switchera" are units designed as switchers (mostly endcabs) and don't include road units
assigned to switching.

ROAD UNITS TOTAL SWITCHERS TOTAL TOTAL TOTAL

OPERATING i NUMBER NUMBER SLUGS NUMBER NUMBER

RAILROAD EMD EMD . GE GE ALCO & MLW ALCO & MLW OF ROAD OF K oF OF ROUTE

- 4-axle 6-axle 4-gxle 6-axle 4-axle 6~axle UNITS i) ALCO & MLW SWITCHERS LOCOMOTIVES MILES
CR 2,134 564 437 126 216 70 3,547 a73 8 881 1 4,581(1) 20,677
5P 583 1,111 90 261 32 47 2,124 447 54 501 3 2,625 11,474
BN 811 797 61 370 44 10 2,093 396 2 398 3 2,491 22,988
L 1,059 277 430 143 83 34 2,026 363 - 363 80 2,390(2) 16,576
cs 1,698 178 102 13 4 - 1,995 210 36 246 2 2,261 11,043
AT&SP 947 416 65 177 - - 1,605 25 2 27 21 1,632 12,321
. NEW 782 351 136 3 141 19 1,432 73 37 110 23 1,542 7,603
up 473 634(6) - 180 - - 1,287 131 - 131 7 1,418 9,460
SR 742 331 70 15 - - 1,158 192 - 192 27 1,350 10,200
) 665 236 49 35 - - 985 196 - 196 ) 1,181 11,229
ICG 836 51 6 9 - 6 908 152 — 152 1 1,060 9,044
CNA 425 273 - —-— 6 9 43 756 120 —-— 120 31 876 9,701
Mlw 308 159 38 16 - -— 521 150 - 191(5) 5 712 10,074
RI 330 35 103 18 -— - 486 132 10 142 4 628 7,361
SL-SF 228 49 62 - - -— 339 92 - 92 0 431 4,621
D&RGW 148 86 - - - —-— . 234 20 - 20 0 254 1,855
KCS 60 83 - - _— —-— 143 89 - 89 11 232 882
Soo 129 55 - 10 2 -~ 196 28 - 28 0 224 4,589
GTW 103 22 -— — - _— 125 45 21 66 0 191 1,198
B&M 112 - - _— 6 - 118 50 14 64 0 183(3) 1,574
D&H 52 3 15 21 65 22 178 - - - g 178 1,400
MKT 128 - 3 - —_ —— 131 36 - 36 1 167 2,223
WP 92 - 35 - - - 127 13 - 13 0 140 1,186
URR -— 12 - - - —~ 12 112 4 116 0 128 268

EJ&E 5 31 — - - — 36 63 — 63 5 99 200

B&LE 18 77 — — — _— 95 2 - 2 0 97 205

PSLE 8 - 22 - - — 30 65 - 65 0 95 273

DMGIR - 75 - - - - 75 - - - 0 75 461

DT&I 64 5 - - - — 69 - - - 0 69 478

LI 28 - - - 8 - 36 31 - 31 0 69(4) 327
FEC 60 - — —_— - - 60 4 - 4 0 64 554
TOTALS 13,028 5,911 1,724 1,403 610 251 22,927 4,110 188 4,339 225 27,423 165,896

(1) Includes 153 electrics.
(2) Includes ome GE 70-tonner.
(3) Includes one 44~tonner.

(4) Includes two GE 25-tonmners.

(5) Includes 41 Fairbanks Morse switchers
(6) EMD 6-axle includes 88 EMD 8-axle.
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cémparison for switchers shows that nearly 95 éercent of the locomotives of
this type have been manufactured by EMD,

A more useful breakdown for the purposes of this sgtudy is by locomotive
model and date of manufacture. Such a breakdown based on the fleet popula-
‘tion as of January 1, 1977 for the 18 largest Class I railroads is given in
Table 12. The values given in this table differ slightly from those in Table
11 because the totals are based on fewer railroads. The relative percentages
of road units to switchers and the breakdown by manufacturer, however, are
comparable for the two tables.

Looking at the breakdown by year shows that approximately 40 percent of .
the road units and 80 percent of the switchers were manufactured prior to
1965. Foi the years 1964 to 1976 the Yoad unit population is evenly di;tri—
buted with two to four percent of the total population manufactured per year.
The switcher population, on the other hand, ranges between one to two percent
for the years 1964 to 1973, with no units listed for 1974 to 1976. The
reasons for this are that switchers have a longer useful life tﬂén road units
because of the less severe use cycle and that older road units are often as-
signed to switching [23].

The breakdown by locomotive model shows that 12 or 13 different models
comprise over 80 percent of the total road unit fleet. These 12 or 13 dif-
ferent models can be grouped into ten categories based on locomotive design
and engine horsepower, as shown in Table 13, The 1ocomotives in each of
these categories have the same engine characteristics and in general, are the
same age. Thus, locomotives within the same cafegory can be expected to have
similar noise generatiﬁg characteristics and presumably similar in-cab noise

environments.
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Table 12.

Breakdown of the United States locomotive fleet (as of January 1, 1977) by
model and date of manufacture for the 18 largest Class I railroads [25,26].

LOCOMOTIVE HORSEPUWER PRIOR T
MONEL. 1963 Loed 1970 1974 1976
EMD (1)
L1/B/9 180U-2400 147
rrl9 150071750 A
GPIY 1500/1750 5,517
SDI7Y T300/1750 748
GP15 1500 60
HP1S 1500 Y 3
GP18 1800 302
SD18 1800 9
G20 2000 236
5D24 2400 HE)
cr2s 1300 15
$D28 1900 3
¢pr30 2250 885
R [cP35 2500 S& 552 1.
SD35 2300 72
o [sw3s 2500
P38 2000 226 212 11
A [sn3g 2000 35
GP39 2300 1y
B [SD39 2300 5
GP4O 3000 ai &1 16
SD40 3600 89 339 133
SD4S 3600 108 52
u [ 'SDP40/45 300073600 12 Ti0
F4OPH 3000 32
N TF/FP4S 3600
pD35 5000 27 18 10
1
GE  (2)
T [uv1sB 1800 .y
. 1238/C 3250 5L 63 51 5
U258/C 2500 1437 177
U28B/C 2800
308 30060 50 10
U30C 3600 27 Tor PR
G338 3300
T33C 3300 76 1
U368 3600 10 )
U36C 3600 )
uso 5000 1 . 18
P30CH 3000 g
€30-7 3000 10
ALCO 1000-3600 352 53
BLW 1000-1800 24
ROAD UNIT TOTAL
SWITCHERS
EMD 600-1500
ALCO 600-1500
— BLW 660-1200
] 1000-1200

SWITCHER TOTAL

20

71

TOTALS

936

892

1,073

44z

(L D designations for Liood-type loconotives:
GP -- General Purpose locomotive with four traction notors
S$D -- Special Duty locomotive with six traction motors

GE designations for Universal model hocd-type locomotives:
B - four tracticn motors
C - six tractior notors

&
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Table 13. .Breakdown of locomotive road unit population based on engine
design and horsepower [27].
ENGINE ENGINE ENGINE|NUMBER OF|HORSEPOWER|LOCOMOTIVE|NUMBER OF}PERCENT OF
MANUFACTURER DESIGN TYPE {CYLINDERS MODEL UNITS ROAD FLEET
EMD two-stroke 567 16 1500-1800 |GP & SD7 6,386 29.5
naturally aspirated GP & SD9
GP & SD18
EMD two-stroke 567 16 2000-2500 |GP20 2,859 13.2
turbocharged SD24
GP30
GP & SD35
EMD two-stroke 645 16 2000 GP & SD38 1,965 9.1
naturally aspirated
EMD two-stroke 645 16 3000 GP & SD4O 3,311%* 15.3
turbocharged -
EMD two-stroke 645 20 3600 SD45 1,745% 8.1
: turbocharged
GE four-stroke FDL-8 8 1800 U18B 105 0.5
turbocharged
GE four-stroke FDL-12 12 2300 U23B & C 413 1.9
turbocharged -
GE four-stroke FDL-16 16 2500-2800 |U25B & C 748 3.5
turbocharged U28B & C
GE four-stroke FDL-16| 16 3000 U30B & C 821 3.8 |
turbocharged !
GE four-stroke FDL-16 16 3300-3600 |U33B & C 754 3.5
turbocharged U36B & C
TOTAL 19,107 88.2

*Includes half of the

SDP population of 206 from Table 11.
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A comparison of Tables 12 and 13 shows two noticeable omissions In this
latter table —— ALCO road units and all types of switchers. The ALCO road
units were not included because the entire group of ALCO road units comprises
only 4.4 percent (3.8 percent based on Table 11) of the total road unit popu-
lation. Since the newest of the ALCO road units is ten years old, and over
half are 15 years old or more, these units are being rapidly phased out of
use.

Switchers are omitted from this table because of operational considera-
tions. Since the duty cycle for switchers consists primarily of idle and
notch 1 operations (approximately 87 percent from Table 4) and because the
noise levels for such operations are typically less than 80 dB (based on the
data in Section 3.1), the noise environment in the cab is not likely to re-
sult in cases where the noise dose is exceeded. For this reason, even though
switchers comprise 15.3 percent of the total locomotive fleet, they are not
included in this initial study.

For this current study, Table 13 served as the basic test matrix for the
field test program. This program and the results that were obtained are des—

cribed in the remaining sectinns of this report.
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4,0 FIELD TEST PROGRAM

Based on the information presented in the previous sections, a field
measurement program was developed to provide the data necessary to evaluate
the noise exposure of locomotive crews. The program was also designed to
provide a means of identifying individual component sources and specific lo-
comotive operations, which might influence the noise levels in the cah, and
to develop a procedure for estimating their relative contributions to the
overall crew noise expsoure. The feasibility of developing a simplified
measurement procedure, which would provide information that could be used
to estimate the noise exposure for in-service operations, was also examined.

Determination of noise exposure or "dose" requires a knowledge of the
time history of the noise levels to which the worker is exposed. In certaiﬁ
industrial settings the nolse environment is essentially constant over a
worker's shift, thereby minimizing the difficulty of determining the noise
exposure and ascertaining whether the allowable hearing conservation criteria
have been exceeded. In other settings, the noise environment may not be con-
stant, thereby necessitating continuous noise exposure monitoring throughout
the worker's shift.

In locomotive cabs the noise environment is characteristically highly
variable in nature due to the wide variety of sources contributing to in-cab
noise and to differences in operating conditions necessitated by the type of
run and terrain features. The fact the the workplace is mobile makes the

task of determining the individual crew member's noise exposure even more

difficult.
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The measurement program was designed to have the following features:

! Continuous noise exposure monitoring inside the locomotive cab,

2. Capability of identifyiug and characterizing individual compoanent
noise sources.

3. apabilicy of identitying specifiec locomotive operations which
aignt significantly contribute to the total noilse dose.

contributions of individual
Llocomot ilve operations, to the

%, Procedure for estimating
component sources, or of
total noise dose.

5. Procedure for measuring and corretlating noilse levels for stationary
operations to those for in-service operations,
With this list of required features, 4n appropriale measuremeat methodology
‘and instrumentation systam were developed. These are described briefly in

the next saction.

4,1 Instrumentation System
The instrumentation system that was developed by NBS for this program is
shown schematically in Figure 5. This system is comprfsed of three bhasic
subsystems: L) the acoustic measurewment equipment, 2) the operational pnara-
metars system, and 3) the signal conditioning and recording system. Acoustin
measurements were made using six microphones == three each for the engineer
1ad brakeman. Two ‘of the microphones were positioned approximately 6 inches

from each ear when the crew member was seated. The remaining microphone was

attached to the crew member's shirt lapel {on the side away from the window),
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similar to the location of the microphone for a noise dosimeter“. Figure 6
shows the locations of the three microphones near the engineer during one of
the test runs. As seen in this figure, the two fixed microphones suspendoed
from the ceiling are equipped with foam windscreens. The purpose of the
windscreen was to minimize the extraneous noise generated by wind coming
through the open window and blowing across the protective grid on the micro-
phone. The lapel microphoné was not equipped with a windscreen because it
would have been bothersome to the engineer and brakeman. A windscreen was
not essential in this location since the lapel microphone was shielded fron
the open window by the body of the crew member.

The operational parameters system was used to provide information on the
locomotive operation and terrain features. This information came from two
sources: the multiple—-unit (MU) cable and an operational keyboard. The MU
cahble is used in nmultiple-unit locomotive consists to provide notch setting
and dynamic hrake signals tg thé trailing units éo that they can operate
synchronously with the lead locomotive. For this program,-these signals,
obtained by tapping into the MU cable socket on the front of the lead
loconmotive, were used to provide continuous monitoring of notch and dynanic

brake settings of the logomotive.

One of the common techniques of checking compliance with hearing conscrva-
tion criteria is through the use of noise dosimeters. Noise dosimeters give
a direct indication of the worker's noise exposure; however, no diagnostic
data, which could be used to pinpoint problem areas, are provided. Simple
measurenent techniques for determining noise exposure, such as the use of
noise dosimeters, are not adequate for identifying and characterizing indi-
vidual component sources as required for this study. Instead, a systenm is
required which provides a permanent record of the noise signatures that can
He used for further analysis. '
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Figure 6. View inside the cab of one of the test locomotives showing the
: locations of the three microphomes near the engineer.
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The operational keyboard, shown in Figure 7, consisted of 15 switches (a
l6th was reserved to indicate system calibration), each corresponding to a
specific locomotive operation, such as a horn or brake application, or to a

terrain feature, such as a cut, tunnel, upgrade or downgrade (see Table 14).

During the run the keyboard was manually operated by NBS test personnel. As
different operations occurred or the terraln changed, the appropriate switch
was thrown. To record events that did not correspond to one of the 15 .
switches, a handwritten log was attached to the keyboard. When such events
occurred, a note was made along with the time of day, which was displayed
directly below the switches on the keyboard. This information was then used

to help interpret the data when they were andlyzed.

‘The output signals from the microphones, operational keyboard and MU
cable were routed into the control box where signal conditioning and logic
control were performed. The output of the control box was then recorded on
magnetic tape using a l4-chdnnel FM tape recorder.

The control box contained a variety of elements including: signal am-—
plifiers, peak-hold detectors to sense amplifier overload, time~of-day clock
(accurate to the nearest second), tape recorder start/stop controls and the
digital logic system controls for recording the instrumentation and opera-
tional parameters. The information regarding the instrumentation and opera=-
tional parameters was recorded on a separate digital channel of the FM tape
recorder. Besides the operational parameters previously described, the in-
formation recorded on the digital channel also included run number, time of
day, and amplifier gains and overload indicators. Each of the operational

and instrumentation parameters, listed in Table 14, was sampled and recorded
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Table l4. List of operational parameters recorded for
in-service tests.

SOURCE . OPERATIONAL CONDITION

Operational Keyboard upgrade - light
upgrade — heavy
downgrade - light
downgrade - heavy
cut

tunnel

bell

brakeman leaves cab
call bell

alerter

radio (receiving only)
horn '

brake

bail-off *

windows open/closed
system calibration

MU Cable engine notch settings 1-8
dynamic brake (on/off)

Control Box : run number

time of day

amplifier gain settings
amplifier overload indication

*It was found to be very difficult to distinguish between bail-off of the
independent brake and application of the train brake since they sound alike.
To avoid confusing these two operations, all occurrences of air venting from
the brake valves were recorded as "brake."

on tape once every second. This served in place of a detailed handwritten
log, greatly simplifying data acquisition and permitting data reduction to be
done automatically under computer control.

To be capable of handling the wide range of sound levels which could
occur in locomotive cabs (typically 70 to 115 dB), the control box was
designed to have two output channels with adjustable gains for each micro-
phone input. With this configuration, the effective dynamic range of the
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system could be expanded by setting the gain on one of the output channels

20 dB (or whatever was appropriate to have the amplifer operating at its mid-
range) higher than the other. The output from the channel with the higher
gain -was used for data amnalysis except when the sound level was too high and
caused the input signal from the microphone to overload the amplifier. 1In
this case an overload indicator was triggered and automatically recorded on
the digital channel of the tape recorder. During the data analysis the com—
puter read the overload indicator which told it to aﬁalyze the channel with
the lower gain.

As mentioned above, all data were recorded on a l4-channel FM tape re-
corder =- 12 channels of acoustic data (two for each microphone) and one
channel of digital information on the instrumentation and operational para-
meters. An FM recorder was used to obtain the low frequency response neces—
sary to record locomotive noise which, as discussed in Section 3.1, has
strong low frequency componénts; All recordings were made with flat fre-
quency response, i.e., there was no frequency pre-weighting of Ehe recorded
signals. Utilizing this system continuous recordings were made for approxi-
mately one hour (4600 foot reel of tape at 15 ips) followed by a 5 minute
break while a new tape was mounted on the recorder and calibration signals
‘fecorded. The previous data tape was not rewound until returning to the lab
since this could take an additional 10 to 15 minutes.

The power for the control box and tape recorder was obtained from the
locomotive DC power supply. A power converter was required to transform the
locomotive power supply of nominal 74 volts DC to 24 volts DC and to elimin-
ate sharp power supply peaks of over 2000 volts and one millisecond duration

which occurred during throttle position changes. Using the available
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locomotive power supply eliminated the need for bulky battery supplies which

would otherwise be required to operate the equipment,

4,2 Test Procedures

Field testing was carried out on locomotives used in actual over-
the-road revenue runs. A typicél test sequence began with the initial set-up
and calibration of instrumentation on the locomotive®. Following this, but
prior to the over-the-road run, a series of stationary tests was coanducted on
the locomotive. If feasible, for these tests the locomotive (or the entire
consist) was moved to a site which did not have any large objects nearby such
as buildings, freight cars or other locomotives. This was done to avoid un-
wanted sound reflections which could affect the measured sound levels. De-
pending upon the configuration of the track within the yard, schedule
restrictions, and operational constraints, stationary data were recorded for
as many of the operational ponditions listed in Table 15 as was possible.
These tests were conducted both with windows open and windows closed.

After the statlonary tests were completed, the train was dispatched.
Continuous sound level and operatlonal event data were collected throughout
the trip, with the exception of gaps which onccurred when tapes were being
changed and calibration signals recorded. Also, when the train was waiting
to get into or out of a yard or waiting on a siding for another train to
pass, only a short sample of the noise levels was recorded. Since there were

no operational changes in the locomotive and the noise levels were

SAfter the initial instrumentation set—up and after each tape change, a
calibration signal was recorded for each microphone., Field calibration was
performed using a pistonphone which produced a 124-dB sound pressure level
(re 20 uwPa) at a frequency of 250 Hz.
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Table 15. Locomotive operational conditions for statiomary tests.
Measurements made with windows open and closed.

OPERATIONAL CONDITION COMMENT
Engine Notch Settings : 1 -8 No load on engine
Automatic Brake Application - Independent brake application

substituted if locomotive
not coupled to consist or

train

Emergency Brake Appiication ‘ . ”6btained only for reference
purposes

Horn Sounding : o . Sounded for sufficient length

of time to be relatively
steady-state

Bell

Call Bell: L e Or similar warning device

Alerter

essentially constant, this short sample was sufficient to characterize the
noise environment for those periods of time (as long as several hours) when
the locomotive was stationary.

Tests were conducted on a sample of 16 locomotives operating in various
2

portions of the United States®. Because of crew changes, two runs were made

on two of the locomotives, giving a total of 18 test runs. As discussed in

Section 3.3, only road locomotives, as opposed to switching locomotives, were

®Access to in-service locomotives was arranged through the Association of
American Railroads (AAR). Participating members in this program were Con-
solidated Rail Corporation (CONRAIL), Seaboard Coast Line Railroad Company,
Southern Pacific Transportation Company, and the Southern Railway Systen.
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tested. The cholce of an individual locomotive for testing was based on its
avallability, but at least one locomotive from each of the categories in
Table 13 was tested. Care was taken to select runs which had a wide mix of
operational conditions (i.e., high speed through-freights, slow speed drag-
freights, local transfer movements, etc.), varied terrains (mountainous,
flat, rolling hills), and varied trip lengths (6 to 12 hours). In each case,
the lead locomotive in the consist was instrumented since this was where the
crew normally rode. Detalled descriptions of the locomotives and test runs
are given in Appendix A.

Following each field trip, which typically involved making measurements
onythree_different locomotives, the magnetic tape recordings were returned to
NBS and analyzed. The results of these analyses are presented in Section.S

and form the basis for the stationary screening test discussed in Section 6.
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5.0 TEST RESULTS AND CONCLUSIONS

The information obtained from the field test program consisted of acous-—
tic data for six microphone locations and operational duty cycle data, in
terms’ of the parameters listed in Table 14, for each of the 18 test runs.
This section is divided into three parts dealing with the locomotive opera-
tional duty cycle, in-cab noise levels, and crew noise exposure or dose.
Based on these results alternative approaches to dealing with in-cab locoﬁo-
tive noise are suggested and discussed.

5.1 Operational Duty Cycle

Operations for road locomotives can be broken down into two general
groups. These groups refer to operations either when.the locomotive and train
are underway and operating on-line, or when the locomotive (i.e. locomotive
consist) 1s uncoupled from the train or the ﬁrain is stationary. This latter
category includes operations such as the initial locomotive inspection by the
crew at the terminal, train make-up and waiting to leave the yard, waiting on
a siding for another train to pass, plck-up and set-off of cars (whicﬁ may or
may not be done by the lead consist), walting to get into the yard, and final
terminal drop-off of the locomotive consist. 1In general, for these opera-
tions the locomotive is opefated in idle (when stationary) or very low notch
setting (when moving between the terminal and the yard). Thu;, the noise
levels in the cag will normally be less than a 90 dB threshold level and will
not influence the noise dose.

This was taken into'conside;ation when conducting the field test program
and, as discussed in Section 4, only a short sample of the noise levels was
;ec0tded for such operations. .However, in order to:document the time

required to perform this portion of the duty cycle, a log Qas kept for each
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trip. A summary of the trip logs for rthe 18 test runs is shown in Table 167,
The three principal columns in this table are Tp_p, Tqoge and Tpoteh 1°
These three times are defined as follows:
Tn-B - on-board time, which is the time from the moment the crew
gets on the locomotive until the time they get off at
the final destination. -

Tyose ~ effective crew "dose” time, which includes only the time
that the train 1s underway. This 1is comprised of the
tape recorded data plus a small increment of time
required to change tapes and calibrate the microphones
while underway.

Thotch 1 — total time the locomotive-is not operating on line.™
This includes the times when the train is stationary
(i.e. locomotive at idle) and when the consist is moving
between the yard and terminal.

As might be expected because of the intentional choice of differing
types of terrain and train make-up, the variability of times spent performing
various operations is quite evident, as indicated by the large standard
deviations relative to the mean values. The important thing to note is that
even though the crew may be on-board for eight or more hours, the actual time
that the locomotive is underway (and generating levels greater than 90 dB for
extended periods of time) 1s significantly less. This will have an
influence on the crew nolse dose since the length of exposure time is an
important factor. Additional operational duty cycle information in terms of
terrain features, locomotive operations, and engine notch settings is given
in Tables 17, 18 and 19, respectively.

Table 17 gives a breakdown on the terrain features in terms of the per-

cent of the effective crew "dose” time and the number of occurrences. For’

71t was mutually agreed in setting up this voluntary cooperative program
that in the final report the locomotives would not be identified by operat—
ing railroad.
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Table 16. Trip log (in hours) for the 18 test rums.

€S

Tim: of Duy Initial | Tape Recorder Tape Wait ing Plek-up Final Effective Crew Total Time Locomotiwve
TEST Crew Terminal Operatling Changing on Siding for | and/or Terminal "Dose" Time Not Operating On-Llne
RUN Crew Crew in-Board Locomot ive and Ancther Train | Set-ofE } {ocomotive
NUMBER o off T Lme r::ﬁL;i;?: Calibraction to Pass of Cars | brop-off Tiose = Perceant of Thoten 1~ Percent of
To-n MakeZup. & = 5 = = - On-Board Time ADSESF On=Board Time

1 18:47 | 03:00 8.22 0.15 4.46 0.37 1.87 0 1.37 4.83 58.8 3.39 H1.2

2 08:00 | 15:52 7.87 1.91 4. 68 0.53 0.18 0.08 0.49 5.21 66.2 2.66 33.3

3a 20:18 1 01:03 4.75 0.98 2.87 0.34 0 0.41 0.15 3.21 67.6 1.54 32.45

3b 01:03 | 09:30 8.45 0.32 3.49 0.41 ) 0 0 4.23 3.90 46,2 4.55 53.38

4 16:12 | 19:00 2.80 0.93 1.10 0.34 0 0.43 0 1.44 51.4 1.36 48.b o

5 09:70 | 17:30 8.50 0.88 3.70 0.38 ° 1.31 0 2,23 4.08 48.0 4.42 32,0

6 -1 09:20 ) 18:00 8.67 2.13 L;S T 0“) . "“_—-_1:)—1-—- o 0 1 —'7_50_ 1 4.97. 57.3 3.70 42.7

7 05:12 | 12:10 6.97 0.56 2.98 0.30 1.08 1.43 0.60 . 3.28 47.1 3.69 52.9

8 14:37 | 20:30 5.88 1.16 2.61 0.17 o] 1.35 J.59 2.78 47.3 3.10 52,7

9 05:190 | 11:30 6.50 2.07 2.00 0.23 0.32 0 ©1.88 2.23 34,3 4.27 65.7

10 19:53 [ 03:00 7.12 0.85 4.34 0.58 0 0.72 0.63 4.92 69.1 2.20 3C.9

11 12:18 | 22:30[ 10.20 1.55 5.17 0.52 | 0.46 0.20 2.30 5.69 55.8 4,51 44.2

12 11:15 | 22:15 11.00 2.15 6.06 0.70 0.45° 0.40 1.24 6.76 61.5 4,24 38.5

13 10:50 | 20:30 9.67 1.79 4.76 0.59 0.84 0.17 1.52 5.35 55.3 4.32 44,7

l4a 14:13 }20:01 5.80 0.62 3.61 0.53 0.74 0 0 4,44 76.6 1.36 23.4

14b 20:28 {22:30 2.03 0.10 0.53 0 0 0 1.40 0.53 26.1 1.50 73.9

15 13:22 | 20:00 6.63 0.88 3.73 0.36 “""_0"“_‘“ __-(;.12 1.54 4.09 ' 61_7 1 2.54 38.3

16 12:26 1 19:15 6.82 1.90 2.87 0.25 Q . a 1.80 3,12 45.7 3.70 54.3

HEAN 7.10 1.16 3.54 0.40 0.46 0.32 1.25 3.94 54.2 3.17 A WA

STANDARD h o
DEVIATTON 2.3% 0.70 1.41 0.18 0.56 0.4 1.04 1.56 12.5 1.17 T
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Table 17.

Breakdown of terrain features for the 18 test runs.

TEST LEVEL UPCRADZ-LIGHT UPGRADE-HEAVY DOWNGRADE -~ LIGHT DOWNGRADE-HEAVY cuT QQEL
RUN Percent of | Percent of Sumber of Percent of Number of Percent of Number of Percent of Number of Percent of Number of Percent of Number of ;
NUMBER Tdose Tdo" Lccurrences Tdoue Occurrences Tdo-n Occurrences Tdone Occurrences Tdose Occurrences Tdusc Occurrences |
1 57.3 36.0 14 0 0 6.7 6 0 0 2.3 10 0 0
2 40.9 40.4 7 0 1 18.3 s 0.4 1 3.4 22 0.1 4
3a 7.8 62.0 5 29.4 2 0.8 1 ] 0 5.3 26 0.3 6
3b 22.6 34.4 10 31.4 5 11.6 4 0 0 20.6 65 2.2 9
4 82.4 5.2 1 12.4 2 .0 1 0 1 3.4 2 0 0
5 18.6 27.3 13 18.7 4 34.7 11 0.7 1 7.2 47 0.2 3
6 25.6 9.1 12 22.6 3 34.3 8 8.4 1 8.2 51 0.4 9
7 66.9 26.8 5 0 0 6.3 5 o 0 0 0 0.1 1
8 88.9 9.3 9 0 0 1.8 3 0 0 0.1 ‘1 0 0
9 100.0 0 0 0 0 0 0 0 0 0 1 0 0
10 8.1 S5.4 5 20.9 3 15.6 2 0 0 22.0 130 4.7 30
I. 11 21.. 18.8 12 39.9 2 19.9 6 o] o} 17.9 114 5.7 20
I 12 W 3601 12 1.6 1 26.5 16 15.7 4 2.6 99 1.2 14
13 57.17 42.3 3 0 0 0 0 0 0 Q 0 0.1 4
l4a 48.9 48.9 5 0 0 2.2 1 o 0 2.6 14 0.1 4
l4b T1.0 2 0 0 0 0 0 0 1.4 1 O 0
15 42,3 77‘ 0 0 Q T 0 __(-)_ 0 4.2 26 0 [¢]
16 70.9 222 10 bl 4} 3.2 2 0 0 2.4 15 [s] ]
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Table 18. Operational duty cycle data for various locomotive operations.

i

!

TEST ot T BRAKE st RADLO RELL WARNING ALARMS WINDUWS QPEN
KUN Percent of © umber of | Perceat of Number of Percent of “urber of Percent of Number of Percent of Number of Percent of Number of
NUMBER Tdose E Occurrences} Tdose QOccurrences Tdose Geourreares Tdosb Occurionces Tdose Occurrences Tduse Occurrences
1 4.1 % 59 ! 4.7 56 18.4 329 9.2 " 0 v 60.2 6
2 2 56 3.4 128 16.6 397 10.2 41 0 1 98.9 2
3a 1.9 i 35 4.6 20 6.9 139 9.8 o 1 0.1 14 94,2 2 o
3b 3.2 41 5.4 66 4.7 122 4.9 15 0.2 12 7.4 2
4 2.3 18 T 8.8 27 11.2 67 3.7 4 0 0 99.6 4
5 2.3 77 4.2 45 11.4 199 6.2 14 0 v 100.0 2
6 2.2 83 1.2 26 10«5 241 3.0 M\S 1.0 4 99.6 2
7 5.9 178 1.6 11 35.6 320 12,5 54 0 1
8 10.3 148 2.6 34 21.4 209 16.7 40 0.3 1 100.0 o ~1- o
9 8.8 143 0.9 25 11.2 163 15.2 33 0 0 100.3 ; i
10 5.5 144 0.4 10 11.3 285 6.5 34 0 0 13.0 i 3
11 1.7 49 1.9 36 8.9 274, 0.1 6 0 1 0.4 . 5
12 3.7 199 1.4 29 8.4 302 3.1 29 0.5 6 39.3 g
13 2.2 49 0.9 18 5.1 196 2% 1 o* t 0 . 0 99.9 i 4
l4a 8.8 237 8.4 8 5.8 181 12.1 49 0 Q 39.5 T 2
14b 5.8 15 o = 0% 3.9 14 20.2 3 0 bl 95.2 I 1
_ . ;
15 15.9 165 1.5 F 22 10.5 285 28.8 63 2 o NN L 0
16 11.5 247 0* 0% 8.6 190 1.7 9 0 ) s9.8 i '3 1
7
MEAN 5.7 108 3.2 35 11.7 217 9.6 28 0.1 - 3 78.2 i 4 l
STANDARD _ ‘% i
DEVIATION 33__ .._,,_ZE_.A___JL_.__Z'G _:9 ‘7.5 97 1 7.5 18 0.3 8 36,6 ! oz

Not included in mean and standard deviation calculations,

As discussed in the footnote to Table 14,

Only major brake application occurred when stopping the train in the yard at the final destinatlon,
after the test equipment had been disassembled.

cycle data for bell.

Bell could hardly be heard in the cab during on-line operations.

No attempt made to record ducy

"hrake" includes both independent and train bhrake operations.
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Table 19,

Operational duty cycle data for the eight engine notch settings.

The

percentages are based on the effective crew '"dose" time and the crew

on-board time.

TEST IDLE/NOTCH 1 NOTCH 2 NOTCH 3 NUTCH 4 NYTCH 5 NOTCH b NOTCH 7 NOTCH &
RUN Percent Percent Percent Perceant Percent Percent Percent Percent | Percent | Percent Percent Tercent Percent Percent Percent Jarcent
NUMBER of of of of of of of of of ut of of of of of of
Tdoue To-p Tdoae TO—B Tdose TO—B Tdose To—a doae T()—B Tdose TO—B Tdose T()—B Tdmle TO—B
1 55.6 75.9 17.1 9.3 6.4 3.5 5.2 2.8 2.5 1.4 4.3 2. 6.8 3.7 2.z 1.2
2 28.3 54.5 8.7 5.5 7.5 4.8 6.7 4.3 6.1 3.9 5.0 3. 3.8 2.4 33.8 21.5
3a 6.6 39.8 12.6 8.1 9.2 5.9 12.1 7.8 19.0 12.3 15.5 109. 5.6 3.6 19.5 12.6‘
3b 22.4 66.8 18.6 8.0 16.1 6.9 5.0 3.9 8.0 3.4 7.3 3. 4.8 2.1 13.7 5.9
4 31.2 70.7 11.6 4.9 16.9 7.2 15.0 6.4 3.6 1.5 3.2 1. 5.0 2.1 13.5 5.7
5 31.9 70.1 1.7 3.4 3.3 1.5 5.4 2.4 7.1 3.1 6.1 2. 3.2 1.4 35.3 15.5
6 6.5 49.4 5.7 3.1 18.2 9.9 12.2 6.6 5.3 2.9 8.7 4. 13.1 7.1 30.2 16.4
7 30.3 69.1 1.5 3.3 7.3 3.2 5.0 2.2 3.9 1.7 2.6 1. 4.6 2.1 38.8 17.2
8 31.0 69.4 5.1 2.2 14.5 6.4 4.8 2.1 3.5 1.5 1.9 0. 1.2 0.5 38.1 16.9
9 20.0 75.1 12.1 3.8 2.0 0.6 9.0 2.8 3.4 1.9 2.7 0. 3.2 1.0 47.6 14.8
10 20.0 47.2 2.5 1.7 5.5 3.7 1.9 1.2 1.3 0.9 1.3 0. 1.2 0.8 66.3 43.8
11 21.1 58.0 2.2 1.2 9.7 5.1 3.1 1.6 6.9 3.7 1.3 9. 1.1 0.6 54.7 29.1
12 29.6 59.2 2.4 1.4 4.1 2.4 1.1 0.6 2.8 1.6 4.4 2. 2.0 1.2 53.6 31.1
13 35.9 66.5 4.8 2.5 2.6 1.4 5.0 2.6 4.3 2.3 6.3 3. 4.9 2.6 36.2 18.9
l4a 20.5 41.2 3.5 2.6 4.7 3.5 3.1 2.3 5.2 3.9 4.1 3. 6.3 4.7 52.6 38.9
14b 3.0 75.3 1.2 0.3 0.9 0.2 0.8 0.2 2.4 0.6 3.0 0. 4.6 1.2 84.1 21.4
15 26.6 56.5 3.3 2.0 4.5 2.7 7.1 4.2 6.6 3.9 3.7 2. 5.3 3.1 42.9 25.4
16 24.6 67.2 3.7 1.6 2.9 1.3 3.5 1.5 2.7 1.2 5.7 2. 2.4 1.0 S4.4 23.7
MEAN 24.7 61.8 7.2 3.6 7.6 3.9 6.1 3.1 5.3 2.8 4.8 ! 2. AN 2.3 39.9 20.0
STANDARD
DEVIATION 12.1 11.6 5.2 2.6 5.4 2.6 4.0 2.1 3.9 2.6 3.4 2. 2.8 1.7 20.1 11.0
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each test run, the percent time is given for the five grade conditions8. The
other two columns are for cuts and tunnels. Cuts refer to locations where
the terrain has been excavated for the track bed, leaving an earthen/rock
wall on either or both sides of the track. Included in the tunnel breakdown
are long underpasses which have a similar influence on the in-cab sound
levels as do tunnels.

As shown by this table, tests were conducted over a wide variety of ter-
rains. These range from mountainous for Test Runs 3, 10 and 11, to level and
flat for Test Runs 8 and 9. The percent time and number of cuts and tunnels
also vary widely. Due to the general features of the terrain, cuts and tun—
nels are most prevalent in mountainous areas. This is especially evident for
Test Runs 10 and 11. The effects of these various terrain features on in-cab
noise levels are discussed in Section 5.2.

" The operational duty cycle data presented in Table 18 include those
operations which are most iikeiy to contribute to, or influence, the in-cab
noise levels. The duty cycle for these operations is given in terms of per-
cent of Tj,ge and the number of occurrences. As seen from this table, there
is a high degree of operational variability among the different runs. This
is indicated by both the wide range of values and the large standard devia-

tions relative to the mean values. T1In general, even though the number of

8Unless advised by the locomotive crew, the breakdown of grade into light

and heavy was dependent upon the subjective judgement of the NBS test per-
sonnel operating the operational keybhoard. This judgement was influenced by
the terrain features adjacent to the track and by the rate of change of the
grade from light to heavy or from upgrade to downgrade, and vice versa.

This judgement was difficult to make since railroad grade changes are
usually very gradual. Also, several of the test runs were conducted at night
making it even more difficult to judge grade.
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occurrences 1s large, especially for operations such as horn soundings and

radio receptions, the percentage of time required for the operations listed

in this table is small relative to Tdoso‘

Snme other, more specific, nhservations regarding this table are:

The number of occurrences for horn soundings cannot he reliably re-
lated to the number of grade crossings hecause of the differing
horn blowing techniques used by the 18 enginecrs. Some used four
distinct horn blasts (four occurrences), while others used an es-
sentially continuous blast with onlv a variation of the sound level
(one occurrence).

Measured data on brake use are lower than indicated by the ex-
isting data shown in Tables 8 and 9. This is due to a difference
in the interpretation of the hraking duty cycle in that the exist-—
ing data refer to the length of time that rhe bhrakes are being ap-
plied, whereas the data in Table 18 refer to the length of time the
brake pipe 1s heing vented into the cab to achieve the required
brake pipe pressure reduction. This latter definition is wmore ap-
proprlate as far as in-cab noise is concerned.

The number of occnrrences for the bell is approximately one-iourth
as many as for horn soundings, even though the percent on-time 1is
greater. The reason for this is that for prade crossings the bell
is on continuously, whereas the horn is sounded four distinct
times.

There are very few occurrences of warning alarms except when there
are persistent mechanical problems. This was the case for the
locomotive in Test Run 12. 1If testing had not heen in progress

on this locomotive it would have been shut down until permanent
repairs could have bheen made.

If the weather conditions permit, the general tendency is to oper-
ate with the windows npen. For 13 of the 18 test runs the windows
were open for nearly the entire trip.

The locomotive diesel engine duty cycle for the eight notch settings is

given in Table 19 in terms of percent time relative to the effective crew

"dose"”

tine, Ti,g5e» and the crew on-hoard time, Tn—p. The reason for showing

these two percentages is to illustrate the difference between on-line
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operation time (represented by Tgyge) and the overall on-board time. As dis-
cussed earlier in this section, the difference between Ty,5o, and Tno-g is the
downtime when the locomotive is not operating on line (defined as T, gpeh 1
and listed in Table 16). For the purposes of defining a duty cycle for the
total on-board time, T,oren 1 18 added to the on-line idle/notch 1 time? and
then the time in each notch setting is divided by Ty-g. The result is a
reddction of the percentage relative to that hased on Ty,ge for each notch
setting, except idle/notch 1 which increases due to the addition of T geon 1
This can be seen by examination of Table 19.

Further examination of Table 19 shows that there is a high degree of
variability among runs. This variabhility is a function not only of the par-
ticular locomotive, train tonnage and terrain, but also Qhether there are any
stops along the way to wait for other trains to pass, stops to pick up or set
off cars, or stops because of mechanical problems. 1In general, the largest
percentages of time are spent ‘in idle/notch 1 and notch 8. On the averaye
for on-line operations (i.e., hased on Ty,4e), approximately 40 percent of
the time is spent at notch 8, 25 percent at idle/nmotch 1 and the remaining 35
ﬁercent distributed about equally among notches 2 through 7. Including the
time during which the locomotive is not operating on-line (i.e., T ,rch 1)
increases the average percent time spent at idle/notch 1 to almost 62 percent
and reduces the average percent time at notch 8 to 20 percent.

Comparison- of these results with the existing data for cngine duty cycle

in Tables 4 and 5 shows that there is relatively good agreement. The data

3The times spent at idle and notch 1 are combined hecause the electronic
signals obtained from the MU cable system by the NBS designed instrumenta-
tion were the same for both throttle positions. This does not present any
problems since the noise levels do not differ appreciably bhetween idle and
notch 1.
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from Table 4, given in terms of various average duty cycles, are similarv to
the duty cycle based on Tp_g. The mean values based on TO—é from this
current study correspond very closely to both the GE first average and the
ATSF medium duty cycles. A similar comparison of the duty cycle based on
Tqose With the existing data given in Table 5 shows that the percent time in
notch 8 was less in this current study. This reduction may be due to the in-
clusion in Ty,ge 0of some short periods of time when the locomotive is at
idle. Nomnetheless, the general trend of notch 8 time being high while the
locomotive is under way is shown by both sets of data.

The important poiﬁt to note about the operational duty cycle data is
that for a good portion of the time the crew is in the cab, the locomotive is:
being operated such that the noise levels are most likely to be below the
90 dB threshold level. This is shown to he the case by the in—céb gound
level and noise exposure data presented in the next two sections.

5.2. In;Cab Noise Levels

The acoustic data from the recorded tapes were analyzed using a measur-
ing amplifier set for A-welghting and "slow” response as specified in the
OSHA standard {2]. The logarithmic output signal of the measuring amplifier,
which was proportional to the sound level in decibels, was digitally sanpled
10 times per second and recorded on magnetic tape using a mini;compnter. The
operational parameter data were also digitized and arranged in‘such a format
that they could be correlatéd with the acoustic data. AnaLysis of the digi-
tized data was done.on th? NBS central computer facility. This analysis con-
sisted of binning the acoustic data (rounded to the nearest whole decibel)
according go the operational event. The binning procedure counted the number
of times each sound level occurred, between the limits of 70 and 126 4B, for

each event. The result of the binning process is a listing of the number of
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counts for each sound level that occurred during the entire test ruu. Siace
the counts correspond to 0.l second samples, the counts can be converted into
time in seconds by multiplying by O.1. Thus, the binned data essentially
represent a sound level histogram for each event during the test run.

The data were binned for 26 operational events. These were:

B 15 events from the operational keyboard [Table 14] plus windows
closed (16)

B dynamic brake (1)
B engine notch settings (8)
B overall [regardless of event] (1)

During actual in-service runs, it is possible for more than one of
these operational events to occur at the same time., In this case it is
essential to know which operation is the predominant noise source so that the
relétive contribution of each operation to the crew noise dose can he
determined. The approach used to make this determination in this study was
to establish a hierarchy for binning the data based on maximum sound level,
This hierarchy was determined from data obtained in a preliminary study
conducted on a DOT test locomotive at the U. S. Department of.Transportation
Transportation Test Center (TTC) located in Pueblo, Colorado, and from
stationary data for the'iocomotives in Tes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>